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ABSTRACT 
The main objective of this thesis was to follow the biofilm development during 
start-up of a fluidized bed bioreactor with the help of digital image processing. 
A mixed microbial culture immobilized on activated carbon particles was grown 
on phenol as sole carbon source in an aerobic liquid-solid fluidized bed 
bioreactor. The effect of different reactor temperatures and of different inlet 
phenol concentrations on the system behaviour during start-up was investigated. 
The phenol inhibition kinetics of the culture was studied in batch culture 
experiments. Three substrate inhibition models (Teissier-Edwards, Haldane and 
Aiba-Edwards models) were fitted to the experimental data. There was no 
statistically significant difference in the goodness of fit between the equations. 
The phenol concentrations at which the fitted functions go through their 
maximum value were between 57 and 88 mg/I, corresponding to specific growth 
rates of between 0.64 and 0.65 h-1• 
A fluidized bed system was developed and tested. The test runs showed that the 
most critical part of the apparatus was the liquid distributor at the bottom of the 
fluidized bed reactor. Other critical factors that were decided on during the test 
runs were initial bed expansion, flow rate, support particle size, and amount of 
support particles used, these parameters all being interdependent. 
The fluidized bed experiments proved that the use of image analysis techniques 
is a very effective means of measuring the mean biofilm thickness on fluidized 
support particles. Micrographs of the bioparticles were analyzed with the help 
of a software-controlled system. The software identified the circumference of 
the particle core and the bioparticle. The mean biofilm thickness was calculated 
IV 
from the projected areas and the perimeters of the bioparticle and the particle 
core applying a simple trapezoid formula. 
In all fluidized bed experiments, the bed stratified into layers (in most cases two 
or three) containing bioparticles with different biofilm thickness and different 
biofilm structure. The main focus was on the development of the biofilm in the 
top layer. The phenol reduction was only small due to a very short hydraulic 
retention time. Conversely, the dissolved oxygen concentration in the outlet 
reached very low values. Thus, the system was oxygen-limited. 
Different reactor temperatures led to distinct differences in the morphology of 
the biofilm in the top layer. Without temperature control, i.e. at -17°C, and at 
30°C, a loose, fluffy, unevenly shaped, thick biofilm developed, whereas at 
25°C the biofilm was firm and relatively even in shape, the final thickness 
remaining far below the values reached by the fluffy biofilm. Since the biofilm 
that developed at 25°C showed the most favourable characteristics, this 
temperature was used for the experiments examining the effect of different inlet 
phenol concentrations. 
The biofilm thickness in the top layer increased the fastest at an inlet phenol 
concentration of 100 mg/l, followed by 35 mg/l, then 330 mg/I and finally 520 
mg/I. In the batch culture experiments, the same order had been found for the 
specific growth rates at phenol concentrations of the above values. In the case 
of the few observations obtained at non-inhibitory phenol concentrations, the 
biofilm density increased with increasing phenol concentration. At inhibitory 
phenol concentrations the flow patterns in the reactor were very different, thus 
these patterns were the dominating factor influencing the biofilm density. 
v 
ACKNOWLEDGEMENTS 
I wish to thank Dr Rao S.M. Bhamidimarri for his supervision during the course 
of this study. 
My special thanks are extended to Dr Ian S. Maddox for the attentive reading 
of the draft and for his encouragement during the write-up stage of this project. 
I am particularly grateful to the technical staff of the Department of Process and 
Environmental Technology; Mr John Alger, Mr Bruce Collins, Mrs Judy 
Collins, Mrs Ann-Marie Jackson, Mr Don McLean, Mr Wayne Mallett, Mr 
Mike Sahayam, Mr Mike Stevens and Mr John Sykes. Not only was their help 
and advice in technical matters exemplary, moreover their friendly nature and 
sense of humour provided much encouragement and pleasure. 
My thanks also go to Dr Graham J. Manderson for the use of his microscope 
with camera. 
I gratefully acknowledge the advice and assistance given by Dr Don G. Bailey 
of the Image Analysis Unit at Massey University with regard to the processing 
and analysis of the bioparticle photographs. 
I like to express my gratitude to Dr Peter Vogel, my supervisor from a previous 
project, who never hesitated to reply to faxes from the other side of the world 
and to give his support when needed. 
I am indebted to the Deutscher Akademischer Austauschdienst (DAAD) for the 
award of a scholarship without which I would not have been able to undertake 
this study. 
Vl 
Sincere gratefulness is extended to Mr Gary J. Pearson for placing his personal 
computer at my disposal. 
Warm thanks are due to my fellow postgraduate students and to my flatmates 
for their friendship, support and humour. 
With gratitude, I appreciate the tolerance and empathy my parents have 
demonstrated. 
Finally, and most of all, I am profoundly thankful to Mark for his incomparable 
support, understanding and encouragement. 
Vll 
TABLE OF CONTENTS 
Page 
Abstract iii 
Acknowledgements v 
Table of Contents vu 
List of Figures x1 
List of Tables xiv 
Nomenclature xv 
Chapter 1 Introduction 1 
Chapter 2 Literature Review 3 
2.1 Basics of Aerobic Phenol Biodegradation 3 
2.1.1 Microorganisms 3 
2.1.2 Metabolic Pathways 4 
2.1.3 Kinetic Models 4 
2.1.4 Kinetic Parameters and Behaviour 11 
2.2 Immobilized Microorganisms in Aerobic Phenol Degradation 15 
2.2.1 Immobilized Cell Systems 15 
2.2.1.1 Overview 15 
2.2.1.2 Biofilms 17 
2.2.2 Effect of Immobilization on Phenol Tolerance 19 
2.2.3 Effect of Immobilization Material on Phenol Tolerance 21 
2.2.4 Activated Carbon as Carrier Matrix 22 
2.2.5 Effect of Temperature on Phenol Degradation 25 
2.2.6 Effect of Phenol Concentration on Substrate 26 
Consumption 
vm 
Page 
2.3 Fluidized Bed Bioreactors in Aerobic Phenol Degradation 27 
2.3.1 General Characteristics of Fluidized Bed Bioreactors 27 
2.3.2 Operating Conditions 30 
2.3.3 Effect of Oxygen Concentration 30 
2.3.4 Effect of Phenol Concentration 33 
2.3.5 Biofilm Properties 34 
2.4 Quantitative Image Analysis of Bioparticles 38 
2.4.1 Basics of Digital Image Processing 38 
2.4.2 Measurement of Bioparticles 39 
Chapter 3 Materials and Methods 43 
3.1 
3.2 
3.3 
Culture and Growth Medium 
3.1.1 Culture 
3.1.2 Growth Medium 
Batch Culture Kinetic Studies 
3.2.1 Experimental Design 
3.2.2 Inoculation 
3.2.3 Sampling 
Fluidized Bed Studies 
3.3.1 Process Description 
3.3.2 Fluidized Bed Reactor 
3.3.3 Immobilization Medium 
3.3.4 Start-up Procedure 
3.3.5 Preparation of Growth Medium 
3.3.6 Sampling 
43 
43 
44 
45 
45 
45 
46 
46 
46 
49 
51 
54 
54 
55 
lX. 
Page 
3.4 Analytical Methods 56 
3.4.1 Determination of Dissolved Oxygen and pH 56 
3.4.2 Determination of Phenol Concentration 56 
3.4.3 Determination of Suspended Biomass Concentration 58 
3.4.4 Determination of Biofilm Thickness 59 
Chapter 4 Batch Culture Kinetic Studies 63 
4.1 Introduction 63 
4.2 Results 64 
4.2.1 Growth Characteristics 64 
4.2.2 Substrate Inhibition Model 70 
4.3 Discussion 73 
4.4 Conclusion 76 
Chapter 5 Preliminary Fluidized Bed Studies 77 
5 .1 Introduction 77 
5.2 Results 78 
5.3 Discussion 78 
5.4 Conclusion 82 
Chapter 6 Fluidized Bed Studies Using Different Reactor 84 
Temperatures 
6.1 Introduction 84 
6.2 Results 85 
6.2.1 Biofilm Development 85 
6.2.2 Substrate Consumption 92 
6.3 Discussion 96 
6.4 Conclusion 103 
x 
Page 
Chapter 7 Fluidized Bed Studies Using Different Inlet Phenol 105 
Concentrations 
7 .1 Introduction 
7.2 Results 
7 .2.1 Biofilm Development 
7 .2.2 Substrate Consumption 
7.3 Discussion 
7.4 Conclusion 
Chapter 8 Final Discussion and Conclusions 
References 
105 
106 
106 
117 
121 
131 
134 
138 
XI 
LIST OF FIGURES 
Page 
2.1 Meta-cleavage pathway of phenol degradation 5 
2.2 Ortho-cleavage pathway of phenol degradation 5 
2.3 Non-inhibitory (Monod) and inhibitory (Haldane) kinetic 
models 7 
3.1 Flow diagram of the fluidized bed reactor system 47 
3.2 Photograph of the experimental apparatus used for fluidized 
bed experiments 48 
3.3 Diagram of the fluidized bed reactor 50 
3.4 Diagram of the primary liquid distributor 52 
3.5 Captured image of a bioparticle with boundary lines 
detected by the software 61 
4.1 Typical growth history of a batch experiment 65 
4.2 Semilogarithmic plot of data from a batch experiment 67 
4.3 Growth history of a batch experiment without complete 
phenol consumption 69 
4.4 Results of batch culture kinetic experiments with curves of 
fitted models 71 
6.1 Photographic illustration of the fluidized bed development 
(Reactor temperature: 30°C) 86 
6.2 Time course of the heights of the different layers of the 
fluidized bed at different reactor temperatures 87 
6.3 Time course of the mean biofilm thickness in the top layer 
at different reactor temperatures 89 
6.4 Photograph of biofilm grown in the top layer at -17 .2°C 90 
6.5 Photograph of mycelium-like filaments at the outside of the 
biofilm, grown in the top layer at -17 .2°C 90 
XU 
Page 
6.6 Photograph of biofilm grown in the top layer at 25°C 91 
6.7 Time course of the phenol concentration at different reactor 
temperatures 93 
6.8 Time course of the volumetric phenol uptake rate at 
different reactor temperatures 94 
6.9 Time course of the oxygen concentration at different reactor 
temperatures 95 
7.1 Time course of the heights of the different layers of the 
fluidized bed at different inlet phenol concentrations 108 
7.2 Photographic illustration of the development of the fluidized 
bed in the experiment using 520 mg/I inlet phenol 
concentration 109 
7.3 Time course of the mean biofilm thickness in the top layer 
at different inlet phenol concentrations 111 
7.4 Photograph of biofilm grown in the top layer at 330 mg/I 
inlet phenol concentration 112 
7.5 Photograph of very loose looking biofilm grown in the top 
layer at 330 mg/I inlet phenol concentration 112 
7.6 Photograph of bulky biofilm grown in the top layer at 330 
mg/I inlet phenol concentration 113 
7.7 . Photograph of biofilm grown in the top layer at 35 mg/I 
inlet phenol concentration 113 
7.8 Photograph of biofilm grown in the top layer at 520 mg/I 
inlet phenol concentration 115 
7.9 Photograph of biofilm grown in the bottom layer at 520 
mg/I inlet phenol concentration 115 
Xlll 
Page 
7.10 Time course of the biofilm thickness in the bottom layer at 
520 mg/l inlet phenol concentration 116 
7.11 Photograph of bioparticle with extremely thick biofilm 
found in the second layer from the bottom at 330 mg/l inlet 
phenol concentration 118 
7.12 Time course of the phenol concentration at different inlet 
phenol concentrations 119 
7.13 Time course of the volumetric phenol uptake rate at 
different inlet phenol concentrations 120 
7.14 Time course of the oxygen concentration at different inlet 
phenol concentrations 122 
XIV 
LIST OF TABLES 
Page 
2.1 Possible types of inhibitor action 7 
2.2 Kinetic models for substrate inhibition 8 
2.3 Kinetic parameters for substrate inhibition of phenol 13-14 
2.4 Features of immobilized cell systems 16 
2.5 Factors affecting biofilm development 18 
2.6 Research conducted on fluidized bed bioreactors for 
aerobic phenol degradation 31-32 
3.1 Composition of synthetic growth medium 44 
4.1 Results of batch culture kinetic experiments 68 
4.2 Substrate inhibition models tested 70 
4.3 Results from least squares fit of substrate inhibition 
models to the experimental data 72 
5.1 Conditions and results of preliminary studies 79 
A 
b 
Co A 
d 
dL 
ds 
dequiv. 
Fil 
HRT 
m, n 
NAD 
NADPH 
p 
Rz 
rs 
s 
So 
S' 
s· 
NOMENCLATURE 
projected area of a particle 
biofilm thickness 
Coenzyme A 
diameter 
long diameter of an ellipsoid 
short diameter of an ellipsoid 
equivalent diameter of a sphere 
F-ratio between Model i and Model 1 
hydraulic retention time 
inhibition constant 
kinetic constants 
inhibition constant 
saturation constant 
constants 
Nicotinamide adenine dinucleotide 
Nicotinamide adenine dinucleotide phosphate (reduced) 
perimeter 
coefficient of determination 
volumetric substrate uptake rate 
substrate concentration 
initial substrate concentration 
substrate concentration at the onset of the exponential growth 
phase 
xv 
threshold substrate concentration (below which organisms grow 
apparently without inhibition) 
total inhibition concentration 
XVI 
Std. standard deviation 
x biomass concentration 
Y xis growth yield coefficient 
Greek letters 
µ specific growth rate 
Pm maximum specific growth rate 
µ • maximum observable specific growth rate 
cr2 variance 
Subscripts 
b bioparticle 
c carrier particle 
1 inlet 
o outlet 
